The ability of mutant or chimeric A/Japan hemagglutinins (HAs) to compete for space in the envelope of A/WSN influenza viruses was investigated with monkey kidney fibroblasts that were infected with recombinant simian virus 40 vectors expressing the Japan proteins and superinfected with A/WSN influenza virus. Wild-type Japan HA assembled into virions as well as WSN HA did. Japan HA lacking its cytoplasmic sequences, HA,tahwas incorporated into influenza virions at half the efficiency of wild-type Japan HA. Chimeric HAs containing the 11 cytoplasmic amino acids of the herpes simplex virus type 1 gC glycoprotein or the 29 cytoplasmic amino acids of the vesicular stomatitis virus G protein were incorporated into virions at less than 1% the efficiency of HA'i-. Thus, the cytoplasmic domain of HA was not required for the selection process; however, foreign cytoplasmic sequences, even short ones, were excluded. A chimeric HA having the gC transmembrane domain and the HA cytoplasmic domain (HgCH) was incorporated at 4% the efficiency of HAt"'. When expressed from simian virus 40 recombinants in this system, vesicular stomatitis virus G protein with or without (G"-) its cytoplasmic domain was essentially excluded from influenza virions. Taken together, these data indicate that the HA transmembrane domain is required for incorporation of HA into influenza virions. The slightly more efficient incorporation of HgCH than G or Gb"-could indicate that the region important for assembling HA into virions extends into part of the cytoplasmic domain.
The formation of a membrane domain in which certain proteins are concentrated and others are excluded is a process central to cellular organization. The formation of secretory or endocytic vesicles, the development of cell surface polarity, and the separation of internal membranes into separate organelles all involve this process. Just as viruses have been remarkably useful systems for studies of DNA replication, transcription, and RNA processing and for the assembly of macromolecular protein complexes, enveloped viruses are excellent models for the formation of membrane domains that have a simple, defined composition. Like many enveloped viruses, type A influenza viruses assemble at the plasma membrane. During the maturation process, the influenza virus hemagglutinin (HA), neuraminidase (NA), and M2 glycoproteins are concentrated in a patch of plasma membrane that effectively excludes cellular proteins (reviewed in reference 4). In polarized epithelial cells, influenza virus buds selectively from the apical domain of the plasma membrane (29) , which is the site of insertion of the virus glycoproteins (17, 28, 30) . This observation is consistent with the hypothesis that enveloped viruses bud at the site at which their virus glycoproteins are most concentrated (32) , an idea that implies that a recognition event between one or more internal proteins and the virus glycoproteins is required to nucleate virion assembly. Indeed, mutations in either the influenza virus HA or Ml proteins can completely block virus budding (5) .
Viruses appear to differ in their requirements for incorporating envelope glycoproteins. The envelopes of retroviruses are relatively permissive for foreign proteins (8, 23, 35, (37) (38) (39) , and retroviruses in some cases can bud from the plasma membrane in the absence of the envelope glycopro-tein gene (6) . In contrast, alphaviruses, in which the surface glycoproteins adopt a defined symmetry in relation to an interior protein capsid (11), do not incorporate foreign proteins, apparently as the result of an early association between nucleocapsids and the glycoproteins (19, 41) . Influenza viruses are intermediate in this respect, failing to incorporate vesicular stomatitis virus (VSV) G protein during mixed infections (40) but apparently able to form phenotypically mixed viruses with Newcastle disease virus (14) . The basis for this selective incorporation of glycoproteins into the influenza virus envelope has not been previously established.
The cytoplasmic sequences of HAs of the 14 subtypes of influenza A viruses show remarkable conservation (9, 26, 33) . Because the HA cytoplasmic sequences are not necessary for HA biosynthesis or for its functions of binding sialic acid and inducing membrane fusion, it was suggested that the conserved residues form the binding site for an internal influenza virus protein, probably Ml (9) . Recently Simpson and Lamb (33) have shown that HA lacking its cytoplasmic sequences can be incorporated into noninfectious virions. Therefore, the conserved cytoplasmic sequences of HA are not required for incorporation of HA into the virus but are necessary for infectivity. A possible role of the HA transmembrane sequences in the incorporation of HA into influenza virus had not been previously investigated.
Not only are the interactions among influenza virus proteins that result in virion assembly unknown, but the mechanism by which host proteins are excluded from the viral envelope is equally obscure. To investigate the basis for exclusion of foreign ppoteins from influenza virions, we have compared the abilities of wild-type, mutant, and chimeric A/Japan HAs containing foreign cytoplasmic and/or transmembrane domains to be incorporated into A/WSN influenza virus. Under our conditions, the mutant Japan HAs are expressed from cDNAs and, like cellular glycoproteins, are 4832 NAIM AND ROTH present at the cell surface when influenza virus proteins begin to assemble into virions. Like cellular proteins, they are initially present at a high concentration relative to the influenza virus HA but at later times of infection must compete with the wild-type WSN glycoprotein for inclusion in virions. This experimental system allows us to investigate the possibility of both a requirement for a positive signal for incorporation into the influenza virus envelope and a mechanism for excluding proteins containing incompatible transmembrane or cytoplasmic sequences.
MATERIALS AND METHODS
Virus stocks. The recombinant proteins used in these studies have been characterized previously (21, 34 Plus (Hazleton, Lenexa, Kans.) was added to the infected cell pellet, and the cells were seeded into culture plates at 50% of maximum cell density. Viruses were harvested as described above when cytopathic effect had destroyed half of the cell monolayer, typically on the third day after infection. Recombinant SV40 stocks prepared by this method were uniformly of high titer as determined by immunofluorescence assays for recombinant proteins produced in CV-1 cells infected with serial dilutions of the virus stocks.
Infections for experiments. For double infections, CV-1 cells were infected in suspension with recombinant SV40s as described above. After 32 h, WSN influenza virus at a multiplicity of infection (MOI) of 10 was allowed to adsorb to the SV40-infected cells in a small volume for 1.5 h at 37°C.
Single infections with WSN were performed on CV-1 cells 32 h after a mock infection in which they were manipulated exactly as for infection with recombinant viruses. In some experiments with doubly infected cells, NA from Vibrio cholerae (Boehringer Mannheim) was present at 4 mU/ml in the medium. The presence or absence of NA had no effect on the release of viruses from the cells, and so use of NA was discontinued.
Antisera. Anti-WSN and anti-VSV antisera were prepared in rabbits injected subcutaneously with either gradientpurified, whole WSN virus or gradient-purified VSV emulsified in Freund's complete adjuvant. Rabbits were injected again after 3 weeks with the same virus in incomplete adjuvant and were bled 1 week after the second injection.
Subsequent injections were performed at monthly intervals, and serum was collected a week after each injection. A similar protocol was used to produce antibodies specific for Japan virus, except that the virus glycoproteins were extracted from the virus (20) for use as antigen. This glycoprotein preparation was contaminated with the Japan NP protein and produced an antiserum that reacted with Japan HA, NA, and NP proteins.
Quantification of radioactive proteins from cells and from virus. For labeling with radioactive amino acids, cells were preincubated in DMEM lacking methionine and cysteine for 20 6 -h period followed by a chase in nonradioactive medium for 2.5 h exactly as the doubly infected cells were. This was done to measure the expression of Japan HAs or G proteins at the cell surface at the time of superinfection. Experiments in which the initial labeling period was for 3 h beginning at 29 hpi gave similar results. Cells infected only with WSN were cultured identically to those infected with SV40s but were labeled only for the 6 h after the 1.5-h period for WSN absorption. For experiments in which amounts of cellassociated proteins were measured, cells were lysed in 50 mM Tris (pH 8.0) containing 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), and 0.1 ,uU of aprotinin per ml (Boehringer Mannheim) at the end of the labeling period.
The lysates were centrifuged for 10 min at 14,000 x g to remove large material, and the supernatant fraction was immunoprecipitated overnight at 4°C or for 3 h at 37°C with the appropriate antiserum and protein A-Sepharose (Pharmacia, Uppsala, Sweden). Proteins in immunoprecipitates were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resulting gels were processed for fluorography and exposed to X-Omat film (Kodak, Rochester, N.Y.) at -80°C. Images on the films were quantified by laser scanning. densitometry (Molecular Dynamics, Sunnyvale, Calif.) as described previously (2) .
In many experiments, radioactive viruses were collected from culture medium of cells infected and labeled as described above. For this, medium was first clarified by centrifugation at 10,000 x g for 20 min and then either was layered over a 22% sucrose cushion and centrifuged for 1.5 h at 210,000 x gav or was layered at the top of a 20 to 60% discontinuous gradient of sucrose (0.5 ml at 20%, 2.0 ml at 30%, 1.5 ml at 40%, and 0.5 ml at 60%) in 1 mM Tris-10 mM EDTA-100 mM NaCl (pH 7.8) and was centrifuged at 197,000 X gav for 1.5 h at 4°C. Virus pelleted through a sucrose cushion was lysed with cell lysis buffer and then was diluted with NET/Gel (50 mM Tris [pH 8.0], 0.5% Nonidet Assays for phenotypic mixing by neutralization of infectivity. All virus titers were determined by plaque assay on MDCK cells. Confluent MDCK cells were seeded into 12-well dishes at approximately 6 x 105 cells per well. For antibody neutralization, virus was incubated at 4°C for 45 min on a platform rocker with anti-Japan, anti-VSV, anti-WSN, or a mixture of anti-WSN and anti-Japan polyclonal antibodies diluted 1:200 in DMEM. Virus was diluted in 10-fold steps in ice-cold DMEM containing the same dilution of antibody. Cells were washed three times with serum-free medium, and then virus was adsorbed to the cells at 37°C for 1.5 h. The inoculum was aspirated, the cells were washed once, and then warm medium was added for 1.5 h. At the end of this incubation, an overlay (0.7% Noble agar in DMEM containing 1 ,g of trypsin per ml) was applied and plates were incubated in a 37°C incubator with 5% CO2. Two days later, plaques were visible and titers were determined.
RESULTS
Chimeric HA glycoproteins in which the transmembrane and/or cytoplasmic domains of HA were replaced by the analogous regions of either the VSV G protein or herpes simplex virus type 1 gC protein have been characterized previously (21) . In addition, forms of the Japan HA and the VSV G protein in which the cytoplasmic sequences were replaced with a single arginine or lysine were constructed by site-directed mutagenesis (34) . The transmembrane and cytoplasmic sequences of these proteins and their names are presented in Table 1 . In our nomenclature, chimeric proteins are designated with a character for each of the three topological domains of the protein. Thus, a protein with the HA external domain, the herpes simplex virus type 1 gC transmembrane domain, and the HA cytoplasmic domain is called HgCH.
The cDNAs for the proteins in Table 1 were subcloned into an SV40 expression vector under control of the late promoter, and virus stocks were prepared (9, 12) . Because mutations in the cytoplasmic or transmembrane domains of HA may interfere with protein folding and oligomerization (9, 12) , the proteins used in this study were tested for their ability to fold and to be transported to the cell surface. Our results (not shown) were in agreement with previous studies demonstrating that removing the cytoplasmic domain or replacing the transmembrane domain of HA or truncating the cytoplasmic domain of G does not block transport of the mutant proteins to the cell surface, although in some cases the rate of transport is reduced (7, 33, 36) , and HAs with foreign transmembrane domains are less able to fold normally (21, 31 (Gtail-) hpi differed by less than 5% (Fig. 2D) . In experiments employing radioactive labeling of doubly infected cells, the period of single infection with the vector expressing Gtai'-was extended by 3 h, the labeling time was increased by 1 h, and the chase was increased by 2 h to allow for the slower transport of labeled Gtai-l protein to the cell surface.
To compare the strengths of the recombinant virus stocks expressing forms of Japan HAs, cells singly infected with viruses producing each of the proteins to be tested were labeled with 35S-labeled amino acids under the same conditions as would be used for double infections ( Fig. 2A) . HA proteins were then chased in the absence of radioactive amino acids for 2.5 h, and the proportion of proteins reaching the cell surface was determined by cleavage into HAl and HA2 with trypsin added to the medium on ice. (Fig. 2B) . Thus, the SV40 infection had no effect on the production of WSN proteins over this period.
To compare the amounts of radioactive G proteins at the cell surface, CV-1 cells expressing G were labeled for 3 h and were chased for 3 h. Cells expressing Gtail were labeled for 4 h and were chased for 5 h. Anti-G serum was added to the cells at 4°C for 45 min, and the cells were washed three times. The G proteins were then recovered by immunoprecipitation with protein A-Sepharose (Fig. 2C) . As controls for the possibility that antibodies to G might stick to the cell surface and bind G after cell lysis, unlabeled cells either infected with WSN viruses (Ctl) or infected with SV40-G (Ct2) were incubated with anti-G antibodies and, after washing, were lysed and mixed with lysates of cells containing radioactive G proteins. These mixed samples were immunoprecipitated with protein A-Sepharose and analyzed. As shown in Fig. 2C , there was no subsequent redistribution of anti-G antibodies in either control (lanes 1 and 2) . Similar amounts of G or Gtail-were detected at the cell surface in this assay (lanes 3 and 5), and total amounts of each protein produced were similar (lanes 4 and 6). In addition to measuring the protein present at the cell surface, the culture medium from each of the experiments shown in Fig. 2 was also immunoprecipitated to determine the amount of protein shed from the cell surface. This was done to control for the possibility that a shed protein might adsorb to the outside of influenza virions and give a false appearance of incorporation into the virus envelope. Of the proteins employed, only G and Gtail were shed into the medium to any extent ( Table   1 ). The shedding of G proteins from the cell surface has been well documented (3, 15, 18, 22 (lanes 1 and 5) . The other cultures were not labeled during the 1.5-h absorption of WSN or during an additional 1 h in DMEM lacking methionine and cysteine. One of these doubly infected cultures was cultured for the rest of the experiment without additional labeling (lane 3) so that only the incorporation into virus of Japan HAs produced before the WSN infection was measured. The culture singly infected with WSN (lane 2) and the doubly infected culture that had not been labeled initially (lane 4) were labeled for 6 h. Culture supematants were then collected, and viruses were isolated from them by centrifugation through a sucrose cushion (see Materials and Methods) . Virus pellets were lysed and immunoprecipitated sequentially, first with either anti-Japan HA or anti-WSN polyclonal antibodies (Fig. 3A) , and then the supematant of each precipitation was immunoprecipitated again with the other antibody (Fig. 3B) . Japan HA was detected in the medium of cells only if they had been superinfected with WSN virus (compare lanes 1 to 3 and lane 5) . When the labeling period was continuous, Japan HA was approximately 40% of the total HA recovered from virus pellets. When doubly infected cells were labeled only before superinfection (lane 3) or only for the last 6 h of infection (lane 4), relatively little labeled Japan HA was recovered. Thus, most of the Japan protein appearing in virions was synthesized during the period of superinfection and prior to the inhibition of host cell synthesis by WSN. Because the ratio of Japan HA to WSN HA at the cell surface by the end of the labeling period was 1 to 5, the incorporation of Japan HA was quite efficient, and it is possible that the very first influenza viruses produced contained predominantly Japan HA.
Incorporation of Japan HA and mutants, VSV-G, and gradient (fractions 1 to 4). WSN M protein was never detected in these fractions, nor were any WSN proteins from singly infected samples detected. The nature of this material is presently unclear.
VSV G protein has previously been shown to be excluded from fowl plague virus in doubly infected cells (40) . Because the HHG protein did not incorporate into WSN virus, it seemed possible that the exclusion of G was entirely due to its cytoplasmic domain. To test this possibility, double infections were repeated with SV40-infected cells expressing G or Gtail; the results are shown in Fig. 5 . A very small amount of G was detected in fractions containing influenza virus (panels A and B), but a control experiment showed that this could be accounted for by the adsorption of G protein shed into the medium to the surface of influenza virions. In the control experiment, CV-1 cells were infected separately with the SV40 vector expressing G or with WSN virus and were labeled as in double infections. The media from the two cultures were collected and mixed together for 2 h at 37°C. Virions from this mixed cell culture supernatant were then centrifuged on gradients as before. The gradients were collected in fractions which were mixed with detergent to dissociate viral proteins and were immunoprecipitated first with anti-WSN antibody (Fig. 5 panel B) and then with anti-G antibody. G protein was detected in gradient fractions containing influenza virus when G was added to virus after harvest (panel C), similar to the results when G was present continuously at the plasma membrane of infected CV-1 cells (panel A). These results show that G protein expressed from SV40 vectors was excluded from influenza virions, just as had been reported previously for double infections with influenza viruses and VSV (40) . Because no VSV internal proteins were present in our experiments, this exclusion is due to the inability of G to compete for space in the WSN envelope. Steric hindrance caused by the G cytoplasmic domain does not explain this lack of incorporation, because Gtail -was equally excluded (panel A).
Fluorograms from immunoprecipitations of gradient fractions containing viruses produced by doubly infected cells expressing recombinant proteins were properly exposed for (21); thus, the fact that the external domains of both of these proteins have no detectable differences from wild-type HA suggests that the transmembrane domains were also well folded. The inhibitory effect of the foreign cytoplasmic domains of HHG and HHgC on their assembly into virus probably occurs in the cytoplasm. The highly conserved HA cytoplasmic domain is relatively hydrophobic and may not extend far from the plasma membrane. In contrast, the 11 cytoplasmic amino acids of gC and much longer cytoplasmic sequence of G are more charged and likely to be extended and perhaps are excluded from the viral envelope because they do not fit into a structure formed by the internal proteins of influenza virus. However, because an HA lacking cytoplasmic sequences was efficiently incorporated into influenza virions but a G protein without cytoplasmic sequences was not, steric hindrance of proteins with long or charged cytoplasmic tails is not the only mechanism operating during influenza virus assembly. A second level of selectivity is likely to require binding of the HA transmembrane sequences by an internal virus component. Because of its abundance in the virion, the Ml protein thought to form a protein shell on the cytoplasmic face of the influenza virion envelope (4, 5) is a logical candidate for this binding reaction. The binding of HA to the virus matrix might then crowd out other proteins, including those such as Gtail-or glycolipid-linked proteins that lack cytoplasmic domains and would not be excluded by a mechanism operating only in the cytoplasm. The other influenza virus envelope proteins, the NA, and the small ion channel M2, must also bind to other viral components, or they too would be excluded from the viral envelope by HA.
We cannot exclude the possibility that the effect of foreign cytoplasmic sequences in preventing incorporation of chimeric HA proteins into influenza virus is on the transmembrane domain. Because we observe that the external domains of HHG and HHgC are properly folded, we feel that it is unlikely that the foreign cytoplasmic sequences change the conformation of the adjacent transmembrane sequences, but we currently have no way of directly measuring this. It may be significant that HgCH, having the HA cytoplasmic sequence and lacking the transmembrane sequences, was incorporated into WSN slightly better than HHG, HHgC, or the two variants of G protein. The sequence required for assembling HA into virions, although primarily within the membrane, may extend into the cytoplasm to some extent.
In cells expressing Japan HA superinfected with WSN virus, one-third to one-half of the virus contains enough Japan HA to be neutralized by anti-Japan serum, but only 1% contains so little WSN HA as to escape neutralization by anti-WSN serum. Under these conditions, Japan HA represents 34% of the total HA found in virions. We have shown previously that pseudotypes of the ts61S mutant of WSN containing Japan HA in their envelopes are infectious (25) . Thus, if all of the Japan HAs found in the virus preparation were present in viruses essentially lacking the WSN HA, the proportion of pseudotype virus detected by neutralization should have been closer to 34% than to 1%. Therefore, the simplest interpretation of these experiments is that they measure the efficiency with which variants of Japan HA (or VSV G) compete with WSN HA for space within the virus envelope. The experiments do not answer the question of whether HA cytoplasmic sequences are required for nucleating virus budding. The minimum amount of WSN HA that might be present in pseudotypes containing HAtail-is not known, and the budding of that virus might require the presence of some WSN HA. Although we have duplicated all of our results by using the ts61S mutant of WSN, for the reasons given below, experiments employing influenza viruses having HAs with temperature-sensitive defects in transport to the cell surface cannot be used to answer this question. For the same reasons, we do not know whether the absence of HA might allow other proteins, particularly those lacking cytoplasmic sequences, to be passively incorporated into virions. We have observed that G fails to be incorporated into the ts61S influenza virus at the nonpermissive temperature, conditions in which no full-length ts61S HA is detected in virions. However, there is a report that at 40°C ts61S can form virions that apparently lack virus glycoproteins (27) . In this respect the ts61S influenza virus mutant resembles the tsO45 VSV, which also forms "naked" virus particles at 40°C. However, tsO45 virions formed at the nonpermissive temperature contain large amounts of a fragment of the mutant G protein that includes its cytoplasmic sequences (24) , and it is likely that this fragment is responsible for both nucleating virus budding and excluding foreign transmembrane proteins from the viral envelope. The possibility that at the nonpermissive temperature a similar intracellular proteolysis of ts61S HA generates a fragment capable of nucleating virion assembly has not been excluded. Investigations of the role of HA in nucleating budding require a system in which HA variants can complement an influenza virus that completely lacks an HA. The recent development of highly efficient recombinant influenza viruses (10) may offer an opportunity for such studies.
